Abstract. Mesenchymal stem cells (MSCs) can be attracted to tumor sites and become an important component of the tumor microenvironment, thus contributing to tumor development. Emerging evidence suggests that tumor cells could transfer genetic information into MSCs through the release of exosomes. However, the molecular mechanisms by which tumor exosomes contribute to interactions between MSCs and tumor cells remain largely unknown. In this study, we found that lung tumor cell derived exosomes could inhibit MSCs osteogenic and adipogenic differentiation. We then investigated the involvement of long non-coding RNAs, a new class of regulators, in tumor exosome treated MSCs by a comprehensive lncRNA and mRNA profiling. lncRNAs (9.1%) (2775 out of 30586) and 9.3% of protein-coding mRNA (2439 out of 26109) were differentially expressed (fold-change ≥2; P-value ≤0.05) in lung tumor cell exosome treated MSCs. Furthermore, we characterized the differentially expressed lncRNAs through their classes and length distribution and correlated them with differentially expressed mRNA. Noteworthy, GO analysis of biological process showed that upregulated mRNAs were enriched in mRNA metabolic process, while downregulated ones were enriched in detection of mechanical stimulus involved in sensory perception. Pathway analysis indicated that 32 pathways were upregulated while 7 were downregulated in A549 exosome treated MSCs.
Introduction
Solid tumors are composed of not only tumor cells but also a complex array of stromal cells (1) . Accumulating evidence has demonstrated that tumor-associated stromal cells play important roles in providing support for tumor cells, thus contributing to tumor initiation and progression (2, 3) . One frequent component of the tumor stroma is tumor-associated fibroblasts (TAFs) that express α-smooth muscle actin (α-SMA) and has been reported to exert fundamental effects on tumor progression (4) . Tumors could recruit mesenchymal stem cells (MSCs) into their microenvironment, where they become TAFs and affect tumor cell survival, angiogenesis and metastasis (5, 6) . MSCs are defined as multipotent stem cells that have the capacity to give rise to adipocytes, osteoblasts and chondrocytes (7) . MSCs can be isolated from a number of tissues including bone marrow, adipose tissue and umbilical cord blood. Several studies have pointed to MSCs as an important source of TAFs (1, 8) . The precise role of MSCs in tumor initiation and progression is still controversial because both pro-and anti-tumorigenic effects have been reported.
Interactions between tumor cells and MSCs within the local microenvironment could be mediated by cell-cell contact and by paracrine mechanisms through release of a variety of bioactive molecules such as growth factors, cytokines and inflammatory mediators (9, 10) . Recently, a novel way emerged of cell-cell communication mediated through exosomes, which are small membrane vesicles secreted by a variety of cell types, including tumor cells. Numerous reports showed that tumor exosomes are associated with tumor development, chemoresistance and capacity to escape from immune surveillance (11) (12) (13) . Although the biological functions are not well-defined, exosomes are known to deliver diverse molecules to target cells ranging from mRNAs, miRNAs, to proteins. Recent studies demonstrated that tumor-derived exosomes can function in communication between tumor cells and MSCs in the neoplastic tumor microenvironment (14-16). However, the precise mechanisms underlying interactions between MSCs and tumor exosomes remain largely unknown. Unraveling these mechanisms is of great significance because they may lead to novel preventive or therapeutic paradigms.
In this study, we explored the potential involvement of long non-coding RNAs (lncRNAs) in crosstalk between lung tumor cell derived exosomes and MSCs. We performed a comprehensive lncRNA and mRNA profiling through microarray. lncRNAs (9.1%) (2775 out of 30586) and 9.3% of protein-coding mRNA (2439 out of 26109) were differentially expressed (fold-change ≥2; P-value ≤0.05) in lung tumor derived exosome stimulated MSCs. Furthermore, we characterized the differentially expressed lncRNAs through their classes and length distribution and correlated them with differentially expressed mRNA. Of note, GO analysis of biological process showed that upregulated mRNAs were enriched in mRNA metabolic process, while downregulated ones were enriched in detection of mechanical stimulus involved in sensory perception. Pathway analysis indicated that 32 pathways were upregulated while 7 were downregulated in A549 exosome treated MSCs. To the best of our knowledge, this is the first study that gives a comprehensive overview of the lncRNA transcriptome changes in MSCs after stimulation with tumor derived exosomes, which will bring new insights into the mechanisms underlying interactions between tumor cells exosomes and its environmental component the MSCs.
Materials and methods
Cell culture. Adipose tissues were obtained from patients undergoing liposuction according to procedures approved by the Ethics Committee at the Chinese Academy of Medical Sciences and Peking Union Medical College. MSCs were isolated and culture-expanded as previously reported (17) . Passage 3 cells were used for following experiments. Lung cancer cell line A549 was purchased from cell bank at the Chinese Academy of Medical Sciences. A549 cells were cultured in DF12 containing 10% fetal bovine serum (FbS), penicillin (100 U/ml) and streptomycin (100 lg/ml) at 37˚C in humidified air with 5% CO 2 .
Exosome extraction. Exosome extraction was performed as previously described (18) . Briefly, A549 culture medium was collected and centrifuged at 800 x g for 5 min and additional 2,000 x g for 10 min to remove lifted cells. The supernatant was subjected to filtration on a 0.1-mm pore polyethersulfone membrane filter (Corning) to remove cell debris and large vesicles, followed by concentration by a 100,000 MW cut-off membrane (CentriPlus-70, Millipore). The volume of supernatant was reduced from approximately 250-500 ml to approximately 30 ml. The supernatant was then ultra centrifuged at 100,000 x g for 1 h at 4˚C using 70Ti rotor (beckman Coulter). The resulting pellets were resuspended in 6 ml PBS and ultracentrifuged at 100,000 x g for 1 h at 4˚C using 100Ti rotor (beckman Coulter).
PKH67-labeled exosomes to AD-MSCs. Purified A549-exosomes were labeled with 1 µM Dil (Invitrogen) as previously described (19) . Pelleted exosomes were washed to remove unbound PKH67, resuspended in PBS/5% BSA and then added to AD-MSC medium for 4 h. AD-MSCs were then washed in PBS, fixed in 4% paraformaldehyde, and imaged by microscopy.
Transmission electron microscopy. Purified exosomes were fixed with 1% glutaraldehyde in PBS (pH 7.4). After rinsing, a 20 µl drop of the suspension was loaded onto a formvar/carbon-coated grid, negatively stained with 3% (w/v) aqueous phosphotungstic acid for 1 min, and observed by transmission electron microscopy.
Microarray and data analysis. Microarray and data analysis were performed by KangChen Biotechnology, Shanghai, China. The company used Arraystar Human LncRNA Microarray V3.0 which is designed for the global profiling of human lncRNAs and protein-coding transcripts. Approximately 30,586 lncRNAs and 26,109 coding transcripts can be detected by this third-generation lncRNA microarray.
i) RNA labeling and array hybridization: sample labeling and array hybridization were performed according to the Agilent One-Color Microarray-based Gene Expression Analysis protocol (Agilent Technology) with minor modifications. Briefly, mRNA was purified from total RNA after removal of rRNA (mRNA-ONLY™ Eukaryotic mRNA Isolation kit, Epicentre). Then, each sample was amplified and transcribed into fluorescent cRNA along the entire length of the transcripts without 3' bias utilizing a random priming method (Arraystar Flash RNA Labeling kit, Arraystar).
The labeled cRNAs were purified by RNeasy Mini kit (Qiagen). The concentration and specific activity of the labeled cRNAs (pmol Cy3/µg cRNA) were measured by NanoDrop ND-1000. One microgram of each labeled cRNA was fragmented by adding 5 µl 10X blocking Agent and 1 µl of 25X Fragmentation buffer, then heated the mixture at 60˚C for 30 min, finally 25 µl 2X GE Hybridization buffer was added to dilute the labeled cRNA. Hybridization solution (50 µl) was dispensed into the gasket slide and assembled to the LncRNA expression microarray slide. The slides were incubated for 17 h at 65˚C in an Agilent Hybridization Oven. The hybridized arrays were washed, fixed and scanned with using the Agilent DNA Microarray Scanner (part number G2505C).
ii) Data analysis: slides were scanned at 5 lm/pixel resolution using an Axon GenePix 4000B scanner (Molecular Devices Corp.) piloted by GenePix Pro 6.0 software (Axon). Scanned images (TIFF format) were then imported into NimbleScan software (version 2.5) for grid alignment and expression data analysis. Expression data were normalized through quantile normalization and the Robust Multichip Average (RMA) algorithm included in the NimbleScan software. The probe level files and mRNA level files were generated after normalization. All gene level files were imported into Agilent GeneSpring GX software (version 11.5.1) and normalized by the quantile method; then, Combat software was used to adjust the normalized intensity to remove batch effects. Hierarchical clustering was performed using Agilent GeneSpring GX software (version 11.5.1). Agilent Feature Extraction software (version 11.0.1.1) was used to analyze acquired array images.
Results

Characterization of lung tumor cell A549-derived exosomes.
Exosomes were isolated from the culture supernatants of lung tumor cell line A549 through a series of centrifugation and filtration steps. Fig. 1A shows the morphology of A549 cells under a light microscope. The exosome concentration in A549 culture medium was 21.2±3.2 µg/ml. Under transmission electron microscopy, the exosomes were observed to be round vesicles of approximately 30-100 nm in size (Fig. 1b) . CD63 and HSP70, typical protein markers of exosomes, were detectable in the A549-derived exosomes (Fig. 1C) . To examine whether A549-exosomes could be transferred into AD-MSCs, the exosomes were fluorescently labeled with PKH67 and incubated with MSCs for 4 h. After treatment, over 80% of the MSCs cells exhibited green fluorescence (Fig. 1D) .
A549-derived exosomes inhibited osteogenic and adipogenic differentiation of AD-MSCs.
To investigate the biological function of A549 exosomes on adipogenic and osteogenic differentiation of AD-MSCs, 200 µg/ml A549-derived exosomes were added into AD-MSC culture medium. AD-MSCs treated with A549 exosomes were then cultured in osteogenic induction medium or adipogenic induction medium. A549 exosome treatment inhibited osteogenic differentiation, which was indicated by the decrease of ALP activity ( Fig. 2A) , as well as decreased mineral deposition detected by Alizarin red staining (Fig. 2b) . Moreover, lower mRNA expression levels of osteo-specific markers were detected in exosome treated AD-MSCs (Fig. 2D) . According to the results of Oil red O staining by day 10 of differentiation, the accumulation of lipid droplets decreased significantly after treatment with A549 exosomes (Fig. 2C) . In addition, mRNA expression levels of adipogenic transcription factors and adipocyte-specific markers PPARγ and LPL decreased remarkably in cells treated with A549 exosomes compared with control group (Fig. 2E) . The results above suggested that A549 acted as a negative regulator in osteogenic and adipogenic differentiation of AD-MSCs.
A549-derived exosomes did not induce fibroblastic differentiation of AD-MSCs.
To determine whether or not lung tumor-derived exosomes could contribute to generation of TAFs from MSCs, we treated AD-MSCs with A549-derived exosomes. MSCs were cultured in medium containing 200 µg/ml A549-derived exosomes for 6 days. No morphological changes such as elongated cellular processes were observed (Fig. 3A) . Additionally, we tested the expression of myofibroblastic/fibroblastic markers such as α-SMA and FAP. FAP was increased in MSCs incubated with A549-derived exosomes compared to controls incubated in medium without exosomes after 6 days (Fig. 3b) , but expression of α-SMA was not changed. These results suggested that A549-derived exosomes did not induce fibroblastic differentiation of AD-MSCs, at least within 6 days. Total RNA was extracted and examined for quality control before array. The OD260/OD280 ratios were approximately 2.0, and the OD260/OD230 ratios were >1.8. The overview of lncRNA expression profiles is summarized in Table I and Fig. 4A and b. Overall, we found that 9.1% of lncRNAs (2775 out of 30586) and 9.3% of protein-coding mRNA (2439 out of 26109) were differentially expressed (fold-change ≥2; P-value ≤0.05) between A549 exosome treated AD-MSCs and control AD-MSCs. Fig. 4C shows the hierarchical cluster of lncRNAs expression between A549 exosome treated AD-MSCs and control AD-MSCs. Among the 2775 differentially expressed lncRNAs, 1263 lncRNAs were upregulated in experimental group compared to the control group, while 1512 lncRNAs were downregulated. The top 10 up-and down-regulated lncRNAs in A549 exosome treated AD-MSCs compared to control AD-MSCs are shown in Fig. 4D and Table II . We classified these differentially expressed lncRNAs into 5 groups: 'sense-overlapping', the lncRNA exon is overlapping a coding transcript exon on the same genomic strand; 'intronic', the lncRNA is overlapping the intron of a coding transcript on the same genomic strand; 'antisense', the lncRNA is transcribed from the antisense strand; 'bidirectional', the lncRNA is oriented head to head to a coding transcript within 1000 bp; 'intergenic': there are no overlapping or bidirectional coding transcripts near the lncRNA. Fig. 5A shows the distribution of the five classes of lncRNAs with changed expression in A549 exosome treated AD-MSCs. The lncRNAs are mainly between 200 and 3000 bp in length. Fig. 5b shows the length distribution of differentially expressed lncRNAs. The majority of the differentially expressed lncRNAs have a length between 500 and 1000 bp.
GO and pathway analysis of differentially expressed genes in AD-MSCs treated with A549 exosomes.
The microarray also detected 2439 differentially expressed mRNA (absolute fold-change ≥2; P-value ≤0.05). Among them, 1940 mRNAs were upregulated in AD-MSCs treated with A549 exosomes compared to the control group, while 499 mRNAs were downregulated. Fig. 6A showed the hierarchical cluster of mRNA expression between A549 exosome treated AD-MSCs and control AD-MSCs. Specifically, we picked out the top 10 up-and down-regulated mRNAs. (Fig. 6b) . Moreover, we performed GO analysis to determine the gene and gene product enrichment in biological processes, cellular components and molecular functions. We found that the highest enriched GOs targeted by upregulated mRNAs in A549 exosome treated AD-MSCs were mRNA metabolic process (ontology: biological process) (Fig. 7A) , intracellular part (ontology: cellular component) (Fig. 7b) and structural constituent of ribosome (ontology: molecular function) (Fig. 7C) . The highest enriched GOs targeted by the downregulated transcripts in A549 exosome treated AD-MSCs were detection of mechanical stimulus involved in sensory perception (ontology: biological process) (Fig. 7D) , primary cilium (ontology: cellular com ponent) (Fig. 7E ) and acetylgalactosaminyltransferase activity (ontology: molecular function) (Fig. 7F) . Pathway analysis indicated that 32 pathways were upregulated and 7 were downregulated in A549 exosome treated MSCs. Fig. 7G and H show the top 10 of the upregulated and 7 of the downregulated pathways, respectively. 
Discussion
Interactions between tumor cells and other cell components in the tumor microenvironment play profound roles in driving tumor initiation and progression. Recently, accumulating evidence provides clues for the involvement of exosomes in mediating such interactions (20) (21) (22) . Tumor derived exosomes usually carry tumor antigens which make them useful as powerful anticancer vaccines (23) . They also play active roles in various biological behaviors of tumor cells such as immune modulation and drug resistance. For instance, breast cancer-derived exosomes are capable of inducing an inflammatory response in macrophages, which may ultimately result in an enhanced rate of metastatic tumor development (24). Xiao et al found A549 cells exosomes are involved in the decrease of the sensitivity of A549 cells to DDP (25) . Tumor exosomes cause a myriad of biological changes in target cells with the transfer of mRNAs or proteins. Our study demonstrated that lung tumor cell A549 derived exosomes could inhibit osteogenic and adipogenic differentiation of AD-MSCs. MSCs may support tumor propagation or dissemination by preventing recognition of the tumor cells by the immune system or by promoting tumor cell invasiveness (26, 27) . Cross-talk between MSCs within tumor stroma and cancer cells has been identified to contribute to tumor progression and metastasis through stromal formation or modulation of cell proliferation. Recent studies demonstrated that tumor-derived exosomes can function in mediating such cross-talk between MSCs and cancer cells. However, the precise mechanisms by which tumor exosomes affect MSCs remain largely unknown.
Specifically, whether epigenetic regulators such as long non-coding RNA are involved in this process remains unclear. Long non-coding RNAs have been established to participate in various biological processes that are crucial for development and differentiation. Although the vast majority of their functions remain unexplored, there is evidence that some lncRNAs are involved in regulating stem cell properties. Herein, a major focus of our study was to define the repertoire of lncRNAs in tumor exosome treated AD-MSCs.
To our knowledge, this is the first study to give a comprehensive overview of the lncRNA transcriptome changes in MSCs after stimulation with tumor derived exosomes. We found 9.1% of lncRNAs (2775 out of 30586) and 9.3% of protein-coding mRNA (2439 out of 26109) were differentially expressed (fold-change ≥2; P-value ≤0.05) in lung tumor cell exosome treated MSCs. Furthermore, we characterized the differentially expressed lncRNAs through their classes and length distribution and correlated them with differentially expressed mRNA. Noteworthy, GO analysis of biological process showed that upregulated mRNAs were enriched in mRNA metabolic process, while downregulated ones were enriched in detection of mechanical stimulus involved in sensory perception. Pathway analysis indicated that 32 pathways were upregulated while 7 were downregulated in A549 exosome treated MSCs. These results suggest that tumor exosomes could stimulate MSCs into an active state.
In summary, our study is the first to demonstrate that a set of lncRNAs is significantly regulated in AD-MSCs upon treatment with tumor derived exosomes, suggesting a role of lncRNAs in the regulation of AD-MSCs. This will provide some new insights into the involvement of lncRNAs in 
